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Abstract The effects of D-penicillamine and fi-uminopropionitrilc on collagen breakdox~n of C:ll-[t|- 
geenin granuloma was studied by measuring the amounts of dialysable h3droxyproline fOl-lned during 
incubation in vitro of minced granulation tissue from rats treatcd with thc drugs. I)-Penicillaminc 
or fl-aminopropionitrile fumarate were injected into the granuloma pouch for 7 or 8 days aflcr carl-a- 
geenin injection. The collagenolytic activity of granulation tissue ,sas mcreascd b 3 fi-uminopropionilrilc 
fumarate treatment, while D-penicillamine was ineffective. The changes in tissuc collagcnol)lic ac/i\ilx 
are discussed in connection with the increased solubility of the tissue collagen. 

D-Penicillamine and BAPNf* have been sho,,vn l(3 
enhance the solubility of tissue collagen and reduce 
its tensile strength [1 3]. The increased solubility in 
neutral salt solutions reflects the absence of inter- and 
intra-molccular  cross-links I-4]. Neither of the drugs 
affected the rate of collagen s~nthcsis [I ,  5], but their 
effect on the breakdown of tissue collagen is not xet 
well understood. In the present investigation the col- 
lagenolytic activity of granulat ion tissue obtained 
from rats treated with ~)-penicillamine or BAPNf  v, as 
studied in connect ion with the sohtbility of the tissue 
collagen. 

E X P E R I M E N T A L  

TrealmeHt of animal,s. A subcntaneous  granuloma 
pouch was induced on the back of male rats of the 
Donryu strain weighing 110~140 g by injecting a 2'!. 
solution of Seakem 202 carrageenin {Marine Colloid 
lnc., Springfield. N. J., U.S.A.) according to the pro- 
cedure previously described [6]. 

BAPNf  (80 mg per rat in a volume of 0.5 ml) ,aas 
injected daily into the granuloma pouch for 8 days 
commencing the day after carrageenin injection. Con- 
trol animals were given 0.9{I0 NaCI. Animals were sac- 
rificed 6 hr after the last injection of BAPNf. l)-Peni- 
cillamine (40 mg per rat in a volume of 0.5 ml, kindly 
supplied by Taisho Pharmaceutical  Co., Ltd., Tokyo) 
with pyridoxine HCI (1 mg per rat} was injected into 
the granuloma pouch at 12-hr intervals from day I 
to day 6. while control  animals were given 0.5 ml 
of 0.9'?i, NaCh Animals were sacrificed on day 7. 
Granu la t ion  tissue was harvested from the rats having 
a large granuloma pouch immediately after sacrifice. 

lm'uhation in vitro qf granulation tissue. The cotla- 
genolytic activity of granulat ion tissue was deter- 

*The abbreviations used are: BAPNf, fi-aminopropioni- 
trile fumarate; NSC, neutral salt-soluble collagcn: GSC. 
guanidine soluble collagen: IC. insoluble collagen. 

mined according to tile procedure described h3 a pre- 
vious report [7]. Briefly. the minced granulation tis- 
suc (tiC)+.) rag) was incubated undcr an atmosphere of 
95<!;, O2 5", CO++ at 35 Ibr 6 hr in S ml of Krebs" 
saline serum substitute [8] containing 11.8 mg each 
of potassium penicillinc-G and dih3drostreptonaycin 
sulfate. After incubation, the mixture was homo- 
genized in a glass homogenizer  at I .Thc  homogenate  
was dialysed against 50 ml of distilled water al 4 
for 5 days. The atmounl of free hydroxyprolinc in the 
dialysate was measured by the method of Kivirikko 
et el. [9]. The amount  of dialysable total hydrox 5 pro- 
line was measured by the method of Kivirikko ct el. 
[9] aller hvdrol \s is  of an aliquot of the dial \sate  \~ith 
6 N HC1 at 1+`)5 for 16 hr. Amounts  of fice and 
dialysable total hydroxyproline formed during s o u -  
bat ten were calculated by subtracting the values of 
the non-mcubated  samples from those o1 incubated 
samples, respectively. The amount  of diahsab lc  total 
hydrox,,proline formed was used as all index of lissuc 
collagenol.\ tic activity. 

Fracliomttion o/lisstu' collugctl. All aliquot I1.(1 g) 
of minced granulat ion tissue was homogcni /ed  in 3l) 
ml of ice-cold I M Nat71 with a Vir-Tis homogenizer. 
The homogenate  was shaken l\)r 2 da,~s at 4 and 
then centrifuged at 8000 ¢! for 20 s i n  at 1 . The pre- 
cipitate was suspendcd in 30 ml of I M N~I('I and 
the extraction was repeated three times. Thc supcrna- 
tants were pooled and tiltered. Thc liltratc xxus 
referred to as neutral  salt-soluble collagen (NSC). In- 
soluble collagen tIC) was obtamed as gelatin b', 
autoclaving the residue remaining after N S (  extrac- 
tion with 30 ml of distilled waiter at 120 for 61) s i n .  
The gelatinization was repealed tx~ice. 

The abdominal  skin collagen of the rats which had 
the granuloma was also fractionaled into NS( '  ~md 
IC by the procedure described above. 

An aliquot of each fraction ( N S (  and 1() was h \d-  
rolyzcd with 6 N HCI a! 105 for 16 hr. Total h\drox,,-  
proline in the hydrolysate was measured b \  the 
method of Kivirikko et el. [9]. 
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(,~,l-(cl/u/o.~c c/uonlaloHrUlUi.l...'\ {zrail i j lol l l t l  pouch Table l. I.IIcd of /~-ciminol~rol~iclnihilc I'un/ar;lic oll the 
n~is Jnduccct in nmlc ~l'~rtigt.ic l)awlc', rals \~cighing ¢oilagcnnl}tic clc'ti~ii~ and !ilc solubilit\ <,1 coll<.zt:n <,t 
130 15( )g  b} the lncthod ah-cad\ described. I)-Pcnicil- 7r:ulul~llion lissuc in i:lis 
larninc and B A P N I  trcalrncl~ts ~¢1-0 <;imilar except . . . . . . . . . .  
Ihai i)-i-~cnicillaminc 140 nig 100 <~ hod> wt. cqui \a lcr i t  
Io at)proximalcl_~ ~1) mg per ra i l  togelhcr with p>ri- 
doxinc t tCI  11 mg 100 g both wl i  was in jcdcd daih 
into the grallulonl~t pouch lor ,<4 dti\~;. 

NS(" was cx l radod  b\ '<l incthod simi lar to that 
c}¢scribcd ahoy0 'and then I (  was Iur lhcr l rac l ionaicd 
b> Lr;ii~.{z 5 M guanidinc. Br ic l l \ .  the residue romainii~g 
al lur INS( extract ion \~a,4 strq~cndod in 3(I ml of  5 
M guanidinc H( ' l  (pH 7.5). (h. ianidinc cxtr,:lction ~,~as 
ccirricd oul  b \  sl inking [].)r 4 da\s at 4 lo l lo t \cd bk 
ct_'ntlil'ugaticm. The extract ion ~cis rcpc,:itcd Iwicc. 
~ N ~ (  ~ii]d 7uanidinc-<,ohiblc colkigcn ((iS(. ' i  ~crc 
obtait~cd ~ts piucil+itatc<, al'tc_'r the cxtn.icts v, cr¢ dia- 
hscd againht running tap \~ah.'r i l 6  IS ) o \c rn igh l  
and lhun against disti l led \~atc.'r at 4 . 

:\n a l iquot  of the precipitate I N S (  or G S ( I  was 
dissohcd in I I )n i l  o1 1).1 M acetic add  and lhon dia- 
I',~,cd +iU+iit~,t 0 .06  M sodium acctulo IpH 4.SI. TI+o 
d ia l \sa le \\~lshcalcd at 45 l\+r 30ra in  and ccntr i lugcd 
'<it 20.0/)(1 H for 5 rain. TI~c sui+crnatanl +~is chronmlo-  
gral+hcd orl ~i coh_lllli~ 116 :>: 110 n l n l l o l ( M - c c l l u l o s ,  o 
(~,Vhatnlan ( M - 5 2 )  ~ll 4(1 in 0.06 M ~,odiulll acetate 
{p i t  4.Si. E lut ion \~:is achic '<d \~ith a l inear grcidicni 
of N a ( l  l ronl  0 to ILl M o~,cr u total \ohln~c o1 
4()() ml ~i[ a Ilo\\ ralc of  6(I ml hr. i\bsorl~ancc o[  
each Iractiol~ 14 roll \~'<ls 111oasurcd at 23() nm. 

l)Mc clccu'ophorc~i~. Sanlplcs  wcrc diLll\scd againsl  
().(11 M N a t 4 : P O x  Ipl t  7.21 conh l in ing  1 M urea and  
denatured at 50 [nr 31) inin. Elcclrol~horcsis o1 '<110 
clcnatulod ~,atllplcs in sodit inl dodcc\ l  sullttlc aCl\ la- 
midc \~as l~cr[ornlcd a~> described b \  Purlhln:.l\ r Ztlld 
]inlt~lc !101 iri 5" .  gels liar 5 hr at 5 mA i-~ci tl.ibc. 
( lo is ~<.'lc qa incd Ior (4) rain in (oomuss ic  th i l l ian i  
I/luc und dcslaim_'d in 7 "  acetic acid. 

I l l % 1  I I ' ~  ' t X l )  I ) I S ( I  N S I O \  

luhmlccnlcm qf colluucnolylic ucl ic i l )  hi' B tP\ I / I  
(o l lagcno l> f i c  act i~ i r ,  of  granulat ion tissue ~as 
determined b\ measuring Ihc amount  of  dialvsablc 
h_~droxyprolinc formed dur ing incul~alion in rm'o of 
the minced gr~mul:lt ion Hssuc. sirlcc it was demon- 
strated in a prcxious paper 171 thai this i-cllccls the 
ctcgiadalioi~ o1 lissuc collagen iu HnJ. :'ks sl~ox~n in 
l a b l c  1. B A P N I  increased the amot ln ls  o[  [[OC and 
dial\sclblc total h>drox}pro l i l ]c ,  suggesting that 
B A P N f  onh:.lllccd col]:igon bi-c~ikdo\~,ll o[ gr~.tlll_llaliOl/ 
tissue iu riro. In acco rdance  a i t h  thu~,c results. Mar l in  
~'~ <#1. [11]  lound increased ur imi r \  excret ion of h~d- 
rox }p ro l inc  m B,,\l~]N-troalcd rat's. 

The solubi l i l~ o[  ¢ollagon m granuhi i ion tissue was 
m a r k o d h  incrociscd b\ B A P N r  t roalmcnl  ITablc l i. 
The CM-ccl lu losc chromatogral~hic pattern of  the 
NSC (Fig. 1) ~ho\~cd lhat  the col lagen cxlractcd ,~ith 
I M NaCI consis ted a lmos t  cxclusi\cl~ o[ ;, com- 
I~oncnts, \xith a small [ l l l l O t l n t  o f  D>I 2 coi11[3onc11{. ~;tlg- 

g<.'siing thai t }APNf  mhibi tod lhc Io in la t ion  o1 cross- 
l inks o1 collagen m g ia l lu la l ion  lissuc. 

lilli'<'l ,!1 I ) - I~cs l i4 ' i l ldmind +*;1 tJ l 'd l l l lJd l iOI I  ILSMIC ('~)l- 
laf/c;;. ~s sllm~n in Table 2. the colhigcnolyt ic ac t i \ i t }  
o1 granula l ion tis<;uc \~as not al]i2clcd b \  i)-pcnici l la- 
mine ircciimcnt. The incl¢asc in thu soluhi l i t \  of  
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Ncl ilc!cl} ~ t  17) 

( tll!il[ZCllOJ}lic { lk l l t l l }  
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";+P < ().I l l .  

granuhi t ion tissue collac, cn was l-clcili~cl\ sli~hl ( l  ahlc 
2) ,{Hid 3f 12OITIpOIlOnls Of t h e  NS( . "  w o r e  [ i l so  sliglltl> 
increased tPig, l I, suggcsiin 7 t lmt the cross-link Ior-  
n l a l i o n  ~;.is s l ight l }  mhih i icd h> i)-llcnicil l~iminc. ( ) n  
tl lc other hand. i )-pcnici l lanl inc markcd l )  inclc:iscd 
tit<; solubil i t~ o[  skin collagen ITablc 2t. Bailc\ cl <ft. 
ll2] dcn lons t r a t cd  thai  granulalit ' , i l  lisstic o ; l l agcn  
l'lOS.<'4C,sSCS [I nlorc stable ~lldimmc cross-link (dih>d- 
rox>l)sinonorlcucin¢ [131 ~ls a Imtior cross-link altcr 
rcduct ionl  which is nol  prcscnl to ;.in~< signi l icanl 
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Fig. 1. C'M-t'cllulosc chrolnatogralns ~>1 NS( Iioln gi;tlm- 
lc i t ion ti~,y, tlt_'s o f  LOIIIFt)I. t ~ A P N t -  clnd i)-pcnicilhnnhlc- 
I r ca tod  I~tl~,. The conditions ot c h r n m a t o g r a l ~ h  ) m-c dc 

,;crihcd in tile text. 
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Table 2. The collagenolytic activity of granulation tissue 
and the solubility' of skin collagen and gramdation tissue 

collagen from rats treated with p-penicillamine 

p - P e n i c i l l a m i n e  
C o n t r o l  I r ca t rncn t  

No. e l  ra ts  7 
Net  b a d  5 'at (gl 142.0 + 5 2  
Gla l l t t l a t io l l  t issue, v,'el ~,'~t (g) 421  + 0 3 2  
( o l l a g e n o l } t i c  Ltcli~,{I} of  

gr~lnulatioll  t issue:  
l :r¢c h } d r o x y p r o l i n e  f o r m e d  (ug] 17.57 ÷ 1.14 
) ys hie total  h y d r o x 3 p r o l i n c  2 5 0 6  + 2 1 4  

1or nlCd (/~gl 
( , .41ugcn c o n t e n t  of  g r a n u l a t i o n  

liSSklC l ing  h y d l o x > p r o l i n e  in 
en t i re  t issue):  

F a t a l  co l l agen  5131) n. 0 3 7 (  
N S (  1249 f O093 
I(" ~.881 + (I ~( "~ 
N S (  J(  > 1(10(",) .14 I T 2(} 
( o l l agcn  c o n t e n t  el skin l ing  

h } d r o x y p r o l i n c  g wet ~ l  
at skill 1; 

To la /  co l l agen  1{15N6 + 0.738 
N S (  4 7 8 5  + 0.306 
J (  5N[)l + 0.456 
N S (  I (  x IOOC.) S3.6 + 3.4 

7 
1119 + 3 2  

3.25 + 0 5 7  

17.0S + b. 7() 
24.2(I + 1.66 

4 1 7 4  + 09111 
1229 ~ o 2 3 "  
2 9 4 5  + 116s~ 

4 3 4  ~ / o* 

, ' ,724 + I )481 
5 l i b ,  4 IL476 
~6(15 + I) 157+ 
t 4 4 0  4 151)> 

The results are means + S.E.M. 
Values significantly, different from control: *P 

l P  < 0.0l .  
< 0.05, 

extent in normal  subcutaneous skin collagen. It is 
proposed by Deshmukh and Nimni [14] that  the 
cross-linking inhibit ion caused by t)-penicillamine in- 
volves a reversible interaction with the aldehydes 
present in c~ chains of tropocollagen to form a thiazo- 
lidine type complex, while BAPN has a capacity to 
inhibit  the activity of an amine oxidase which con- 
verts lysyl residues of :~ chains into corresponding 
~-semialdehydes, aldehydic cross-link precursors [ 15]. 
These results suggest that the differences in the solubi- 
lity of skin and granulat ion tissue collagen from rats 
treated with BAPNf  or D-penicillamine are based on 
the differences in the nature of collagen cross-links 
in these tissues [16] and in the mechanisms of action 
of both the drugs, 

CM-Cellulose chromatography of .quanidine extracted 
in,soluble collagen. Approximately 2[)I:,i of IC was solu- 
bilized by 5 M guanidine extraction. After dialysis 
of the GSC fraction against running tap water 
(16 18 ) and then against cold distilled water (4) .  the 

GSed ia lysed  against  ~ /I 
running top water  i I j I  Ji 

t ~ u  I 
Illl ~ I I 

o, ~ ,~  Iv ~1 ~,2 

I1 , , ,  ` 

n I 

' 4 - -  - ~ - -  - I ~  ~ --1 I " ~  1-- 

~ 0.2 
o 

GSC dialysed against (~ f~ 

I 1 I I I I ~ - I  
i0 20 30 40 50 60 70 80 

Gradient  Fract ion number  
s ta r ted  

Fig. 2. CM-Cclkdose chromatograms of GSC from granu- 
lation tissue of control rats. The GSC was obtained by 
dialysis of GSC fraction against (topi running tap water 
(16 IS') overnight or (bottom) cold distilled water (1). 
Purified rat tail tendon collagen was chromatographed as 
a standard sample. . GSC: , purified rat tail 

tendon collagen. 

resultant precipitate was chromatographed on a CM- 
cellulose column. As shown in Fig. 2, the CM-cellu- 
lose chromatographic  pattern of GSC was clearly dif- 
ferent from that of NSC (Fig. 1). No differences were 
observed in CM-cellulose chromatographic  patterns 
of GSC from control, BAPNf- and D-penicillamine- 
treated rats. Each peak labeled I VI in Fig. 2 was 
examined by electrophoresis in sodium dodecyl sul- 
fate acrylamide in order to clarify' the nature of the 
peaks. The results are shown in Fig. 3 and 4. Peaks 
I and II were mixtures of degradat ion products of 
:~ chains. Peaks iII, V and VI corresponded to :d, 
fi~, and ~2 components,  respectively. This result was 
supported by the elution pat tern of CM-cellulose 
chromatography of purified rat tail tendon collagen 
(Fig. 2). There were no differences in the peaks from 
control, BAPNf- and D-pcnicillamine-treated rats. 
However, peak IV of each group gave a characteristic 

S t d  I rl-[ 1:2" V 7 I  

/gll~ 
~ 1 2 ~  

a I - - - - - _ _  

cl 2 - - - - - - - -  

Fig. 3. Sodium dodecyl sulfate acrylamide gel electrophoresis of the peaks isolated by ('M-cellulose 
chromatography of GSC from granulation tissue of control rats. Peaks 1 VI labeled in Fig. 2 were 

examined by disc electrophoresis. The standard (purilied rat tail tendon collagen) is on the left. 
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Fig. 4. Sodium dodccyl suil'atc acr)lamidc gel elcctrophorcsis of pcak IV isolalcd h\ ( 'M-cellulose 
chromatograpl D of GSC from granulation tissuc~ of control. I}APNI'- ',rod i) pcnicil laminc-lrcatcd i~11-,. 

The slandard (pui-ilicct ixiI tail tcncloll collagcni is on Ihc Ic11. 

pattern upon c lectrophorcsis in 5'><, sod ium dodccy l  
ac ryh imide  gels. As s h o w n  in Fig. 4. peak IV I rom 
cont ro l  ,tllld i ) -penic i l laminc- t reatcd rats gave a simi- 
lar pa t t e rn  oi1 disc clectrophoresis. The components 
of pcak IV migrated a little faster than/7 componcnts, 
suggesting that the molecular weights ~,ere lm~cr than 
those  o1/7 c o m p o n e n t s .  Peak IV from B A P N f - t r e a t e d  
rats (Fig. 41 had at1 add i t iona l  more rap id ly  m ig ra t ing  
COlllponclH as a ma i n  band. The com[)onel]tS pre- 
sented in peak IV ma,,, be formed by' limited protco- 
lysis of /7 or ;' components. The finding that peak 
IV from BAPNf-treated group had a lower molecular 
weight component than those [rom the control and 
])-penicillamine-treated groups may reflect ihc inhibi- 
tion Of cross- l ink  fo rma t i on  and  tile e n h a n c e d  degra-  
da t ion  of  the t i ssue col lagen b 3 B A P N f  t rea tment .  

In order  to claril~ a possibi l i t  3 tha t  a l imited pro-  
teolvsis  of  G S C  m:.l 3 have  occur red  d t l l ing  dial, ,sis 
aga ins t  r u n n i n g  tap  vv;_lter (16 18 ). par t  of  the GS("  
fraction was dial~sed agail ls t  cold dist i l led v\atcr at 
I . .,ks shown  in Fig. 2, the ( ' M -ce l h l l o sc  c h r o m a t o -  
g raph ic  pa t te rn  o[  the  (}SC dial3.scd aga ins t  cold dis- 
t i l led water was s imi lar  to that of  pur i l ied  rat tail 
t endon  col lagen alld peaks  [. 11 ~.lnd IV \x,erc ilot 
found.  It call be p r e s u m e d  thereforc,  thai  s o m e  pro-  
t eo l \ t i c  e n z y m e s  are present  in thc  G S C  fraction and  
a l imited pro tco lys is  o f  col lagen ma  3 hax.c c)CCtlrrcd 
dur ing dialysis o f  GSC against runn ing tap watcr. 
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